incident colon cancer have reported conflicting findings. 12, 13 A previous analysis of the United Autoworkers-General Motors (UAW-GM) cohort reported no evidence of an association between straight, soluble, and synthetic MWFs and incident colon cancer.
14 An important limitation of those studies is the use of standard statistical methods that fail to account for the healthy worker survivor effect, a potential bias due in part to time-varying confounding affected by prior exposure. 15 In many occupational studies, leaving work predicts both future exposure and the outcome of interest (a proportion of workers likely terminates employment due to underlying illness), making it a confounder, and it is also affected by past exposure. 16 This can make it difficult to detect that an exposure is harmful, as the healthiest workers accumulate the most exposure by remaining at work the longest. A directed acyclic graph illustrating the structure of this bias is presented in eFigure 1; http://links.lww.com/EE/A28.
In this study, we used longitudinal targeted minimum lossbased estimation (TMLE) to estimate the difference in the cumulative incidence of colon cancer under hypothetical interventions on the average time-weighted daily exposure to straight, soluble, and synthetic metalworking fluids in each year of employment. 17 TMLE uses the efficient estimating equation framework [18] [19] [20] to produce an estimator that adjusts for time-varying confounding. Although TMLE has recently been applied in cancer epidemiology 21 , to our knowledge, this is the first application of longitudinal TMLE in the field.
Methods

Study population
The UAW-GM cohort study was initiated in 1984, jointly funded by the United Auto Workers together with General Motors to address workers' health concerns. The cohort includes 46,316 workers from three automobile manufacturing plants in Michigan. 4 All hourly employees who had worked at least 3 years between 1 January 1938 and 1 January 1985 were included, with the exception of employees who had ever worked in a large forge operation and may have been exposed to a variety of known carcinogenic agents. 4 Cohort members alive on 1 January 1985 (N = 33,063), the year in which the Michigan Cancer Registry was established, constitute the cancer incidence subcohort, the study population for this analysis. Date of birth, sex, race, as well as the complete work history, including job title, department, and dates worked, were abstracted from employment records. Information on race was recorded for most workers but remains unknown for approximately 10% of participants. 22 The institutional review board at the University of California, Berkeley approved this study.
Outcome
The outcome for this study is incidence of colon cancer. The cancer incidence subcohort was linked with the Michigan Cancer Registry to obtain incident cancer cases diagnosed between 1 January 1985 and 31 December 2009. The diagnoses were classified using the International Classification of Diseases for Oncology, Third Edition (ICD-O-3). While findings from previous analyses suggest that the effects of MWFs and their components may vary across the different regions of the large bowel, 14, 23 the analyses presented here are based simply on the first primary diagnosis of incident colon cancers (ICD-O-3 codes C18.0-C18.9), because the small number of rectal cancers (n = 144) did not permit the evaluation of this subsite. Workers who died without a diagnosis for colon cancer were censored at death. Follow-up for mortality began in 1941 and ended in 2009. Vital status was obtained through the Social Security Administration, the National Death Index, as well as plant records and copies of state mortality files provided by the United Autoworkers Union. 22 
Exposure assessment
Workers at the three plants in this study could experience exposure to three broad MWF classes: straight mineral oil, soluble, and synthetic fluids. Quantitative exposure estimates for each study participant in each year were calculated on the basis of detailed employment records, available from hire through 31 December 1994. An extensive retrospective exposure assessment was conducted to develop a job-exposure matrix that indicates MWF concentration for each time period, plant, department, and job. 24 25 To adjust for temporal trends in MWF concentrations, a set of multipliers (scale factors) was developed based on 394 air measurements collected by the company between 1958 and 1987, review of historical records, and interviews with plant personnel. 25 Scale factors for the 1985-1995 time period were updated based on additional field visits in 1994. 26 The job-exposure matrix was combined with company employment records to estimate time-varying annual average daily exposure to each MWF throughout the participants' entire employment. Twenty-two percent of the UAW-GM cancer incidence subcohort members were missing some work history (median, 1.9 years missing).
14 Subjects missing more than 50% were excluded from this analysis (2.4%). Among the rest, intermittent missing work history information was interpolated by averaging the exposures from the previous and subsequent jobs, as is the standard approach in occupational cohort studies that rely on employment records. 27 We computed quantitative measures of annual exposure to each fluid type, as measured by TPM. In the statistical analysis described below, we used a dichotomous definition of the observed exposure in which annual average daily MWF levels above a cutoff were defined as "exposed," while MWF levels less than or equal to the cutoff were defined as "unexposed." The cutoffs were determined a priori at the 90th percentile of TPM exposure for each fluid type. Cutoffs were 0.034, 0.400, and 0.003 mg m 3
for straight, soluble, and synthetic MWFs, respectively.
Statistical analysis
To address time-varying confounding affected by prior exposure, we applied a targeted minimum loss-based estimation (TMLE) approach to estimate the 25-year cumulative incidence of colon cancer in this cohort. To do this, we followed hypothetical exposure regimens that set exposure above or below the specific cutoffs described above while at work, preventing right censoring by death. 28 The "exposed" interventions are equivalent to assigning workers to a random exposure drawn from the distribution of observed exposures above the cutoff; the "unexposed" interventions are equivalent to assigning workers to a random exposure drawn from the distribution of observed exposures below the cutoff. 29 The description and the derivation of the statistical properties of the TMLE for multiple time point interventions are provided elsewhere, 30 and a more detailed explanation of the assumed data structure, statistical models, and identifiability assumptions are provided in eAppendix 1; http://links.lww.com/EE/A28. Briefly, TMLE is a semiparametric substitution estimator that uses the efficient estimating equation framework, [18] [19] [20] adjusts for time-varying confounding, is consistent under partial model misspecification (double robustness property), and is efficient when models for exposure/censoring mechanism and outcome are correctly specified (local efficiency). It involves estimation of two components: (1) the probability of being exposed (exposure mechanism) and remaining uncensored by death (censoring mechanism) conditional on covariates, and (2) the average outcome conditional on exposure and covariates (outcome model).
Models for exposures in each year t were fit for all actively employed workers in that year. In addition to year of hire, sex, race, and year of follow-up, exposure models included a set of time-varying covariates consisting of age and duration of employment at the start of year t , as well as the proportion of the year spent on leave, an indicator of the plant at which the worker was employed, and cumulative exposures to straight, soluble, and synthetic metalworking fluids in the previous year (year t − 1 ). Censoring models for remaining alive in year t included year of hire, sex, race, age, year of follow-up, lagged duration of employment, the proportion of the year spent on leave, a plant indicator, cumulative exposure to each of the three fluid types, and active employment status, all measured in year t . Both the exposure and censoring models were estimated using the main term logistic regression. For each year, model-based predicted exposure and censoring probabilities were used to estimate weights defined by inverse propensity scores of remaining uncensored and following the exposure of interest. Weights greater than 100 were set to 100. The truncation of the weights affected approximately 1.5%, 1.3%, and 1.2% of the observations in the analyses of the effects of straight, soluble, and synthetic MWFs, respectively.
Outcome models were also estimated using the main term logistic regression. While current exposure to each MWF was considered separately, models were adjusted for cumulative exposure to the other two by the end of the previous year. The result is a series of estimates of the cumulative incidence of colon cancer in each year t for each exposure regimen. These estimates were used to calculate risk differences (RDs) and risk ratios (RRs) comparing what the estimated cumulative incidence of colon cancer would have been if the entire worker population had been exposed while actively employed, to the estimated cumulative incidence if the same worker population had been unexposed while at work. The cumulative incidence estimates were then used to estimate the adjusted survival in each year when exposed and when unexposed. In addition to the adjusted survival, we report the crude survival estimated using a Kaplan-Meier analog for dynamic regimens. 31 While we focus on our parameters of interest, 25-year exposure effect estimates, additional estimates of colon cancer cumulative incidence and corresponding risk differences and ratios in each year of follow-up are provided for all three fluid types in the eTables 1-3; http://links.lww.com/EE/A28. TMLE provides estimates of cumulative incidence at each time point considering all the past. Because the estimated cumulative incidence at year t + 1 is not constrained to be greater than it was at year t , the TMLE-derived discrete survival function is not necessarily a monotonically decreasing function.
The analysis was performed using the stremr package, 32 in R. 33 
Results
Our analytic cohort consisted of 33,063 workers. During the 25-year follow-up, we identified 466 incident colon cancers. Colon cancer cases were more likely to be women, black, and older at the time of their hire than noncases (Table 1) . Approximately 8% of the cases were actively employed at the time of their diagnosis. The mean age at diagnosis was 68.2 years. Cases had a shorter mean follow-up and longer mean duration of employment than noncases. In addition, cases had higher lagged cumulative exposure to all three fluid types, and were more likely to have ever been exposed (assuming a lag) to each of the three fluids at baseline (1985) ( Table 1) .
In Table 2 , we present estimates of the 25-year cumulative incidence of colon cancer under hypothetical interventions in which workers were (1) always exposed above the 90th percentile cutoff ("exposed"), (2) and always exposed at or below the 90th percentile ("unexposed") of each fluid type, while at work. The annual worker population and incident colon cancer counts, annual estimates of cumulative incidence for these interventions, and corresponding exposure effect estimates in each year of follow-up, are provided in the eTables 1-3; http://links.lww.com/EE/A28 for straight, soluble, and synthetic MWFs, respectively. For all three fluids, the estimated 25-year cumulative incidence of colon cancer was higher if workers were always exposed ( Table 2 ).
The differences were largest for straight MWFs: we estimated that the 25-year cumulative incidence of colon cancer would be approximately 3.8% higher if workers were always exposed above the 90th percentile than if exposed below while at work (RD = 3.8%, 95% CI = 0.7, 7.0). The 25-year risk would have more than doubled if all workers had been exposed compared with all workers having been unexposed (RR = 2.39, 95% CI = 1.12, 5.08). Crude and adjusted (TMLE) survival curves comparing workers under the two exposure regimens for straight MWFs are presented in the Figure. Crude survival estimates indicate similar survival among exposed and unexposed workers during the first few years of follow-up ( Figure A) . Adjustment for time-varying confounding via TMLE resulted in greater survival differences for straight MWFs ( Figure B) .
We found an elevated 25-year risk of incident colon cancer for workers exposed to soluble MWFs, with wide confidence interval for both estimates (RD = 1.3%, 95% CI = −2.3, 4.8; RR = 1.43, 95% CI = 0.67, 3.04). The 25-year cumulative incidence of colon cancer was similar for workers always exposed (2.8%, 95% CI = 0.9, 4.6) and always unexposed (2.6%, 95% CI = 0.4, 5.6) to synthetic MWFs while at work. We estimated a 25-year risk difference of 0.2% (95% CI = −3.3, 3.7) and risk ratio of 1.08 (95% CI = 0.51, 2.30). Crude and adjusted survival estimates for soluble and synthetic MWFs are not shown.
Discussion
In an analysis of 33,063 autoworkers from the UAW-GM cohort study, we examined the relation between exposures to straight, soluble, and synthetic MWFs and incident colon cancer. Having accounted for possible time-varying confounders on the causal pathway, our results provide evidence that occupational exposure to oil-based straight MWFs may increase the risk of incident colon cancer. In addition, our findings suggest a possible link between exposure to soluble MWFs (oil emulsified in water) and colon cancer risk.
The National Institute for Occupational Safety and Health (NIOSH) recommends a TPM exposure limit of 0.5 mg m 3 for metalworking fluids 34 . Metalworking fluid exposures, however, are regulated by OSHA as "particles not otherwise specified" with Table 2 Estimated 25-year cumulative incidence (95% CI) of colon cancer for cohorts of workers always exposed above and below the indicated cutoff while at work, and corresponding risk differences and ratios for straight, soluble, and synthetic metalworking fluids, respectively.
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Figure. Straight metalworking fluids: crude (A) and TMLE (B) survival curves for workers in the UAW-GM subcohort always exposed above (black) and below (grey) the cutoff. 36 At 0.02 mg m 3 , the excess lifetime cancer risk was 7 per 1,000. 36 Park 36 describes the primary affected areas to be the beginning and end of the digestive tract (esophagus and rectum), but did not evaluate colon cancer.
An aerospace cohort study that examined colon and rectal cancer incidence combined in relation to mineral oil exposure reported weak evidence for an inverse association; water-based MWF were not examined. 12 The reasons for the inconsistencies between our findings and those in the aerospace cohort are not clear but suggest that our adjustment for time-varying confounding affected by prior exposure using TMLE may have allowed us to detect an effect otherwise hidden by healthy worker survivor bias. There may also be important differences in the formulation of MWF types, processes, or work practices. Our results are, however, consistent with a Swedish population-based case-control study that reported an elevated risk of incident colon cancer among male petrol station/automobile repair workers exposed to cutting fluids/oils.
While earlier mortality studies of the UAW-GM cohort found no associations with colon cancer mortality and MWF exposure, 26 a later analysis reported that soluble and synthetic MWF exposure was associated with a modest increase in colon cancer risk.
14 However, when known carcinogenic components of soluble and synthetic MWFs were individually examined, both biocides (hazard ratio [HR] = 1.04, 95% CI = 1.02, 1.07) and nitrosamines (HR = 1.02, 95% CI = 1.00, 1.04) were found to increase the risk of colon cancer.
14 Thus, the presence of biocides and nitrosamines in soluble MWFs could explain the elevated risk of colon cancer among workers exposed to these MWFs in our analyses. The increased risk of colon cancer among workers exposed to straight MWFs is likely due to exposure to PAHs, which are formed when oils are heated during machining processes.
A number of potential limitations should be considered in the interpretation of our findings. Since cancers diagnosed before the start of the Michigan Cancer Registry were unknown, colon cancers diagnosed before 1985 were misclassified in our analyses, biasing our estimates toward the null. Our analyses assumed unique latency periods for all workers, when in fact they may vary across individuals. 37 The time-varying job-exposure matrix is the hallmark strength of the UAW-GM cohort study. However, the possibility for exposure misclassification exists, particularly because our analysis had to dichotomize the quantitative exposures, data on the use of protective equipment is not available, and workers' MWF exposure before hire or after employment termination is unknown and assumed to be zero. Furthermore, the assessment of the shape of continuous exposure-response curves through the estimation of marginal structural models is deserving of future research.
38 Finally, few individual-level covariates were available for this cohort, raising concerns about residual unmeasured confounding. Dietary factors, physical inactivity, and excess body weight are important risk factors for colon cancer and would be confounders in this study if they were also associated with exposure. However, there is no a priori reason to expect that any of these factors are likely to vary with exposure, and the E value for straight metalworking fluids was 4.2, indicating that the observed association could only be explained by an unmeasured confounder associated with both the treatment and the outcome with a risk ratio of at least 4.2, conditional on measured confounders. 39 The
This study has several strengths. Follow-up continues past employment termination in the UAW-GM cohort. As unemployed workers cannot be exposed, the data contain subject-times in which the probability of exposure is zero, resulting in a structural violation of the positivity assumption. Rather than estimating an unrealistic parameter corresponding to what would have happened if we had intervened to assign high exposure to everyone at all times (even after they had left work), we estimated causal parameters of dynamic interventions 40, 41 that assign exposure in response to a subject's employment status. In addition, the outcome is well characterized based on cancer registry data, enabling us to study cancer incidence rather than mortality. Another strength is the availability of data on intermittent time off work, which was used as a time-varying health surrogate. Our statistical methods were able to adjust for this time-varying confounding, reducing healthy worker survivor bias.
Our analysis is the first to provide evidence for a possible relation between MWFs, particularly straight fluids, and incident colon cancer. Given the ubiquity of exposure to these oils and chemicals, lowering occupational limits may prevent a large number of colon cancers worldwide. By estimating the risk reduction associated with lowering occupational exposure limits for specific types of MWFs, we provide a public health framework for our findings.
